In NADP-malic enzyme-type C 4 plants such as maize (Zea mays L.), efficient transport of oxaloacetate and malate across the inner envelope membranes of chloroplasts is indispensable. We isolated four maize cDNAs, ZmpOMT1 and ZmpDCT1 to 3, encoding orthologs of plastidic 2-oxoglutarate/malate and general dicarboxylate transporters, respectively. Their transcript levels were upregulated by light in a cell-specific manner; ZmpOMT1 and ZmpDCT1 were expressed in the mesophyll cell (MC) and ZmpDCT2 and 3 were expressed in the bundle sheath cell (BSC). The recombinant ZmpOMT1 protein expressed in yeast could transport malate and 2-oxoglutarate but not glutamate. By contrast, the recombinant ZmpDCT1 and 2 proteins transported 2-oxoglutarate and glutamate at similar affinities in exchange for malate. The recombinant proteins could also transport oxaloacetate at the same binding sites as those for the dicarboxylates. In particular, ZmpOMT1 transported oxaloacetate at a higher efficiency than malate or 2-oxoglutarate. We also compared the activities of oxaloacetate transport between MC and BSC chloroplasts from maize leaves. The K m value for oxaloacetate in MC chloroplasts was one order of magnitude lower than that in BSC chloroplasts, and was close to that determined with the recombinant ZmpOMT1 protein. Southern analysis revealed that maize has a single OMT gene. These findings suggest that ZmpOMT1 participates in the import of oxaloacetate into MC chloroplasts in exchange for stromal malate. In BSC chloroplasts, ZmpDCT2 and/or ZmpDCT3 were expected to import malate that is transported from MC.
Introduction
In NADP-malic enzyme (ME)-type C 4 plants such as maize and sorghum, bicarbonate is fixed by phosphoenolpyruvate carboxylase (PEPC) in mesophyll cell (MC) cytoplasm. The carboxylation product, oxaloacetate, is transported to chloroplasts, where it is reduced to malate. The malate produced is transported from MC chloroplasts to bundle sheath cell (BSC) chloroplasts, where malate is decarboxylated to pyruvate by NADP-ME. The decarboxylation product, pyruvate, is transported back to MC chloroplasts Edwards 1999, Furbank et al. 2000) . High rates of both intra-and intercellular transport of these metabolites are crucial to the efficient operation of C 4 photosynthetic cycle and particularly important in view of many attempts to genetically modify photorespiration and to introduce C 4 characteristics into C 3 plants (Leegood 2002) .
Movement of metabolites between chloroplasts and cytosol is mediated by multiple transporters located in the inner envelope membranes (Flügge 2000) , but most of the transporters involved in the C 4 cycle remain to be characterized at a molecular level (Leegood 2000) . Efficient transport of phosphoenolpyruvate in exchange for inorganic phosphate is observed in C 4 -MC chloroplasts, although the C 3 chloroplasts poorly accepted phosphoenolpyruvate (Gross et al. 1990 ). The exchange of phosphoenolpyruvate for inorganic phosphate is thought to be mediated by triose phosphate/phosphate translocators and their cDNAs were isolated from maize MC and Flaveria trinervia, an NADP-ME type C 4 plant (Fischer et al. 1994) . Transport of pyruvate through chloroplast envelope membranes is activated by light in C 4 -MC chloroplasts but not in C 4 -BSC and C 3 chloroplasts (Flügge et al. 1985, Ohnishi and Kanai 1987a) . The pyruvate uptake by C 4 -MC chloroplasts is driven by light-enhanced cotransport with proton or Na + Kanai 1987b, Ohnishi and Kanai 1990) . From these findings, it is becoming clear that some chloroplast trans-porters participating in the C 4 photosynthetic pathway are functionally differentiated from the C 3 counterparts.
On the other hand, the molecular basis for C 4 dicarboxylate transport in MC and BSC chloroplasts of C 4 plants remains uncertain. In NADP-ME type C 4 photosynthesis, import of oxaloacetate and export of malate in MC chloroplasts, and import of malate into BSC chloroplasts are necessary. In general, transport of dicarboxylates such as malate, 2-oxoglutarate, glutamate and oxaloacetate across the inner plastid envelope membranes is thought to be facilitated by at least three distinct types of counter-exchange transporters: 2-oxoglutarate/malate transporter (OMT), general dicarboxylate transporter (DCT) and oxaloacetate transporter (OAT) (Flügge 2000, Neuhaus and Wagner 2000) . DCT transports various dicarboxylates rather nonspecifically, although OMT mainly transports 2-oxoglutarate in exchange for malate but does not transport glutamate or aspartate (Flügge et al. 1988) . Measurement of malate uptake into maize MC chloroplasts has revealed that malate, oxaloacetate, glutamate, aspartate, and 2-oxoglutarate are exchangeable (Day and Hatch 1981) . OMT and DCT participate in a double transporter system that functions in the transfer of 2-oxoglutarate as a carbon skeleton to, and the export of glutamate synthesized by, the stromal glutamine synthetase-glutamate synthase (GS-GOGAT) cycle for ammonium reassimilation (Woo et al. 1987 , Gálvez et al. 1999 . This OMT/DCT system is also involved in assimilation of ammonium that is derived from photorespiration. Measurements of oxaloacetate uptake by MC chloroplasts from maize and spinach revealed that OAT is a high-affinity transporter specific for oxaloacetate and the apparent K m value for oxaloacetate is one or two orders of magnitude lower than those for malate and 2-oxoglutarate (Hatch et al. 1984) . OAT takes part in a malate-oxaloacetate shuttle known as a malate valve that exports excess reducing equivalents from stroma and balances the stromal ATP/NADPH ratio (Heineke et al. 1991, Noctor and Foyer 2000) .
A cDNA clone for OMT was first identified in spinach and its name was assigned as DiT1 (Weber et al. 1995, Weber and Flügge 2002) . Furthermore, Arabidopsis genes encoding plastidic OMT, AtpOMT1, and DCTs, AtpDCT1 and AtpDCT2, have been identified by us (Taniguchi et al. 2002) . In the study, T-DNA insertional mutants of AtpDCT1 were non-viable in normal air but could grow under a high CO 2 condition which suppresses photorespiration. This observation indicates that AtpDCT1 is a component necessary for photorespiratory nitrogen recycling. The AtpOMT1 recombinant proteins could transport oxaloacetate with a K m value for oxaloacetate one order of magnitude lower than those for malate and 2-oxoglutarate. The expression of AtpOMT1 was prominently induced by light and nitrate supplementation. These kinetic properties and gene expression profiles suggested that AtpOMT1 functions as OAT in the malate-oxaloacetate shuttle in addition to its role in the OMT/DCT double transporter system (Taniguchi et al. 2002) .
In this study, we isolated maize cDNAs encoding homologs of AtpOMT1 and AtpDCT1. The transcripts were largely accumulated in green tissues in a light-inducible manner. In particular, their expression in leaf blades was MC or BSC specific. The recombinant proteins of the maize OMT and DCT showed transport properties that were consistent with those of the AtpOMT1 and AtpDCT1 proteins, respectively. Based upon the results, we will discuss the physiological functions of each dicarboxylate transporter in maize.
Results

Isolation and characterization of cDNAs for OMT and DCT
A maize expression sequence tag (EST) (Acc. No. AI665141) encoding a predicted amino acid sequence similar to that of spinach chloroplastic OMT (SoDiT1) was used as a probe to isolate the full-length cDNA clone from a cDNA library of maize greening leaves. Several positive clones were isolated and sequencing revealed that these clones originated from the same gene but with different poly(A) additional sites. The longest cDNA named ZmpOMT1 was 1,907 bp long and the putative open reading frame encoded a polypeptide of 578 amino acids with a calculated molecular mass of 59.9 kDa (Fig. 1) . The ZmpOMT1 protein showed 77% identity to SoDiT1 (Weber et al. 1995) at the amino acid level. A sorghum partial cDNA, HHU51 (Acc. No. H55022), was obtained as a BSC-specific gene by differential screening (Wyrich et al. 1998) . Although the cDNA was reported to encode a chloroplastic OMT, the partial protein (188 amino acids) encoded by the HHU51 cDNA had relatively low identity to SoDiT1 (42%). We speculated that the HHU51 cDNA encodes another type of transporter and tried to isolate a maize cDNA encoding a counterpart of the HHU51 protein. The maize cDNA library was screened with the HHU51 cDNA that was synthesized from greening sorghum leaf RNA by reverse transcription-polymerase chain reaction (RT-PCR). Several positive clones were isolated and the sequence analysis revealed that these clones originated from the same gene. The longest cDNA named ZmpDCT1 was 2,109 bp long and gave a putative open reading frame that encoded a 554-amino acid polypeptide with a calculated molecular mass of 59.6 kDa ( Fig. 1) . ZmpDCT1 showed 49% and 77% identity to SoDiT1 and HHU51, respectively, at the amino acid level. We further screened the maize cDNA libraries with the HHU51 cDNA as a probe and identified two different cDNAs. The cDNAs (ZmpDCT2 and ZmpDCT3) were 1,992 bp and 1,990 bp long, respectively, and their nucleotide sequences closely resembled each other. There were 11 substitutions of nucleotides between the two cDNAs and only four amino acid substitutions occurred between the deduced ZmpDCT2 and ZmpDCT3 proteins. The two proteins consisted of 551 amino acids with Fig. 2 Phylogenetic tree of OMTs and DCTs. The deduced amino acid sequences in putative mature regions were aligned with a ClustalX program (Thompson et al. 1997 ) and the tree was designed with a TreeView program (Page 1996) . The sequences were taken from cDNAs or genomic DNAs encoding plastidic DCT (Arabidopsis AtpDCT1, At5g64290; AtpDCT2, At5g64280; sorghum, AY123844, BG159483 and CD431362; spinach, AY123846; tobacco, AY123847; Flaveria bidentis, AY123845), plastidic OMT (spinach SoDiT1, U13238; Arabidopsis AtpOMT1, At5g12860) and eubacterial transporters (Bacillus subtilis yflS, Z99108; Escherichia coli CitT, P77405; YgjE, P39414; YbhI, P75763; Haemophilus influenzae YbhI, Q57048). The putative amino acid sequences of rice OsOMT1, OsDCT1 and OsDCT2 were predicted from nucleotide sequences of rice chromosomes 12, 9 and 8, respectively. The amino acid sequences of sorghum DCTs (BG159483 and CD431362) are deduced from EST clones and, therefore, are partial. a molecular mass of 58.6 kDa and they showed 46% and 76% identities to SoDiT1 and ZmpDCT1, respectively. These ZmpDCT2 and ZmpDCT3 genes are presumed to be alleles (see Discussion).
Although there was no homology at the N-terminal sequences of the deduced ZmpOMT1 and ZmpDCT1 to 3 polypeptides, a prediction program for the subcellular location, TargetP (Emanuelsson et al. 2000) , strongly suggested that these proteins are targeted to the chloroplast like SoDiT1 (data not shown). The putative mature proteins of ZmpOMT1 and ZmpDCT1 to 3 also showed high identities to those of AtpOMT1 and AtpDCT1, respectively (84% and 78-80%). The hydropathy profiles of the four transport proteins strongly resembled those of SoDiT1, AtpOMT1 and AtpDCT1, all composed of 12 putative transmembrane segments and intervening hydrophilic loops (Weber et al. 1995 , Taniguchi et al. 2002 . Some nucleotide sequences homologous to ZmpOMT1 or ZmpDCT1 to 3 have been identified from several organisms and a phylogenetic tree from the putative amino acid sequences of the OMT and DCT genes was constructed (Fig. 2) . The OMT and DCT proteins of higher plants formed distinct groups as pointed out previously (Weber and Flügge 2002) . In each of the OMT and DCT groups, member proteins from monocot and dicot plants formed two distinct subgroups. This finding indicates that divergence of ZmpDCTs occurred after a split of monocots and dicots in the evolution of angiosperms. The plausible bacterial homologues also contain 12 putative transmembrane helices and highly resemble plastidic OMTs and DCTs in higher plants (Pos et al. 1998, Weber and Flügge 2002) .
Number of genes coding for OMT in maize
To estimate the copy number of plastidic OMT gene(s), Southern blot analysis of maize genomic DNA was performed under a low-stringency hybridization condition (Fig. 3) . A same single fragment for each restriction enzyme hybridized with both the 3′-untranslated region and coding region of ZmpOMT1 cDNA clone. This suggests that there is one copy of plastidic OMT gene in the maize genome. By contrast, three different cDNAs encoding ZmpDCT were isolated and, therefore, it was thought that maize has multiple gene copies of plastidic DCT. Southern blot analysis detected several fragments for the same set of restriction enzymes when hybridized with probes of ZmpDCT1 (data not shown).
Expression profiles of the OMT and DCT genes
Total RNA was isolated from leaf blades, leaf sheaths, husk leaves, stems, silk, young corns, anthers, rachises and roots of maize plants and analysed by Northern hybridization (Fig. 4) . Approximately 2.2-kb transcripts of ZmpOMT1, ZmpDCT1, and ZmpDCT2 and 3 were detected in all organs tested, and a higher expression level was detected in the green tissues. The mRNA levels of ZmpOMT1, ZmpDCT1, and ZmpDCT2 and 3 were higher in leaf blades than in leaf sheaths, and the basal regions of leaf blades accumulated the transcripts at a higher level than the middle and tip regions. The transcript levels in root tissues were significantly lower. These findings suggest that maize ZmpOMT1, ZmpDCT1, and ZmpDCT2 and 3 mainly function in actively developing photosynthetic cells. The transcripts of the OMT and DCT genes have been identified as several maize EST clones. These EST clones were derived not only from green tissues but also from non-green tis- sues such as root, ear and endosperm. The weak signals were also detected in non-green tissues such as silk, young corns and anthers in Northern analysis. We checked the presence of the transcripts of the four genes in root tissues by semiquantitative RT-PCR analysis (Fig. 5) . Their transcripts were detected in root tissues, although their accumulation levels in roots were much lower than those in leaf blades.
The accumulation of mRNA for the four genes between the two types of C 4 photosynthetic cells was examined (Fig. 6 ). MC protoplasts and BSC strands were separated by enzyme digestion and the purity of each cell preparation was extremely high. The transcript of C4Ppc1 encoding C 4 -type PEPC was detectable only in MC, and that of rbcS-m1 encoding the small subunit of ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) was associated with BSC. These findings were consistent with the previous results from Northern analysis with maize (Sheen and Bogorad 1986) and, therefore, it was concluded that the prepared RNA samples had little crosscontamination. The mRNAs for ZmpOMT1 and ZmpDCT1 were detectable only in MC, but those for ZmpDCT2 and 3 were accumulated in BSC. When the full length region of ZmpOMT1 cDNA was used as a probe, no signal was detected in total RNA from BSC (data not shown). These expression profiles of the maize genes for OMT and DCT in a cell-specific manner suggest that plastidic OMT mainly functions in MC and the distinct DCT proteins function in each type of the cells.
Many genes for photosynthetic enzymes are known to be coordinately induced by light. We investigated the light responsiveness of the ZmpOMT1 and ZmpDCT1 to 3 genes (Fig. 7) . When etiolated maize seedlings were illuminated, the mRNA levels of the four genes were rapidly increased in concert with those of other photosynthetic enzymes, PEPC, NADP-ME and Rubisco.
C 4 photosynthetic genes are selectively upregulated by nitrogen availability, whereas the Rubisco gene is downregulated (Sugiyama 1998 ). An organized mechanism was suggested to exist for sensing and transducing the signal of external inorganic nitrogen leading to the preferential allocation of nitrogen into these C 4 enzymes in response to nitrogen availability. We examined nitrogen-responsiveness of the ZmpOMT1 and ZmpDCT1 to 3 genes in maize leaf tissues (Fig. 8) . The basal levels of mRNAs for the four genes were low in the nitrogenstarved leaves, and their transcripts accumulated rapidly in response to the nitrate supplementation. The induction by nitrogen availability was also confirmed in C 4 enzymes, PEPC and NADP-ME. The nitrogen induction of BSC-specific genes (ZmpDCT2 and 3, and C4Me1) seems to be slower than that of MC-specific genes (ZmpOMT1, ZmpDCT1 and C4Ppc1).
Transport characteristics of the recombinant OMT and DCT proteins
The DNA fragments encoding the putative mature proteins of ZmpOMT1, ZmpDCT1 and ZmpDCT2 were inserted between the promoter and terminator of yeast GAL2 for a high affinity galactose transporter in pTV3e vector (Nishizawa et al. 1995) . The resulting plasmids were introduced into yeast LBY416 cells and transformants were selected on tryptophandeficient agar plates. Crude membrane fraction was prepared from the selected yeast transformants and reconstituted into liposomes by freeze-thaw technique, and then the uptake of external [
14 C]malate was measured. The crude membrane proteins from yeast cells harboring pTV3e vector reconstituted into liposomes preloaded with malate or KCl showed slow uptake of the external malate (approximately 0.4-0.5 nmol (mg of protein) -1 min -1 ). This indicated that the background activity of malate uptake due to the original yeast membranes was low and, therefore, we calculated the net uptake activities of the reconstituted ZmpOMT1, ZmpDCT1 and ZmpDCT2 proteins by subtracting the activities of the proteoliposomes reconstituted with pTV3e vector transformant. Table 1 shows the substrate specificities of the ZmpOMT1, ZmpDCT1 and , and ZmpDCT2 and 3. The first-strand cDNAs were synthesized from total RNA of leaf blades and roots of 14-dayold maize plants. PCR was performed with the cDNA clone (c) or the first-strand cDNA from leaves (L) and roots (R) using the genespecific primer combinations for 25 or 30 cycles. The PCR products were electrophoresed in an agarose gel together with size markers of λ/StyI (M1) and λ/HindIII digest (M2). Amplified ubiquitin (UBQ) was used as a control. ZmpDCT2 recombinant proteins determined by measuring uptake activities with proteoliposomes that had been preloaded with a variety of substrates. The three recombinant proteins could transport malate, 2-oxoglutarate and oxaloacetate effectively in exchange for external malate, although they accepted glutamine to a lesser extent. Glutamate was poorly transported by ZmpOMT1, but ZmpDCT1 and ZmpDCT2 could transport glutamate effectively. This low affinity for glutamate in ZmpOMT1 is a common property of OMTs, spinach plastidic OMT, SoDiT1 (Menzlaff and Flügge 1993) , and AtpOMT1 (Taniguchi et al. 2002) . To examine the transport properties in detail, we determined the apparent K m values for malate and the corresponding K i values for 2-oxoglutarate ( Table 2 ). The K m values for malate were not significantly different among the three recombinant proteins, although the K i value for 2-oxoglutarate was lower in ZmpOMT1 than in ZmpDCT1 and ZmDCT2. The higher affinity for 2-oxoglutarate was also detected in the Arabidopsis AtpOMT1 recombinant proteins (Taniguchi et al. 2002) .
We previously reported that AtpOMT1 and AtpDCT1 can transport oxaloacetate efficiently at the same binding sites as those for other dicarboxylates such as malate and 2-oxoglutarate (Taniguchi et al. 2002) . In particular, AtpOMT1 showed a much lower K m value for oxaloacetate than that of AtpDCT1. To examine whether these kinetic properties are conserved in maize transporters, we measured the uptake of [
14 C]oxaloacetate by the ZmpOMT1, ZmpDCT1 and ZmpDCT2 recombinant proteins in exchange for internal malate ( Table 2 ). The apparent K m value for oxaloacetate of ZmpOMT1 was lower than the apparent K i (malate) or K i (2-oxoglutarate) and close to the apparent K m (oxaloacetate) determined with intact chloroplasts from maize (0.045 mM) (Hatch et al. 1984 ). This K m value was more than one order of magnitude lower than that of ZmpDCT1, which is expressed in the same MC chloroplasts. The apparent K i value for 2-oxoglutarate in the uptake of malate or oxaloacetate was much lower in ZmpOMT1 than in ZmpDCT1 and ZmpDCT2 (Table 2 ). This kinetic property has also been found in Arabidopsis (Taniguchi et al. 2002) . These findings indicate that ZmpOMT1 may function in the transport of oxaloacetate in addition to 2-oxoglutarate and malate in MC chloroplasts.
Transport characteristics of MC and BSC chloroplasts
Northern analysis suggested that BSC does not possess plastidic OMT (Fig. 6 ). The characterization of the transport by the recombinant OMT and DCT proteins showed that ZmpOMT1 has a higher affinity for oxaloacetate than either ZmpDCT1 or ZmpDCT2 (Table 2 ). These findings suggested Fig. 7 Changes of mRNA levels during greening of etiolated maize seedlings. Maize seedlings, grown in the dark for 12 d, were illuminated with continuous white light, and leaf blades were harvested at the times indicated. Total RNA was extracted and 20 µg was separated by gel electrophoresis, blotted and hybridized with each specific probe.
Fig. 8
Changes of mRNA levels in maize leaf blades during recovery from nitrogen deficiency. Maize seedlings grown with 0.8 mM NaNO 3 for 18 d were transferred to a culture solution containing 16 mM nitrate at day 0 and leaf blades were harvested at the indicated times. (A) Total RNAs (10 µg) were subjected to Northern analyses with each specific probe as indicated, together with an appropriate probe of ubiquitin (UBQ) as a loading control. RNA samples isolated from plants at time zero and 2 d after transfer to the culture solution with the same composition (0.8 mM NaNO 3 ) were also analysed as a control. (B) The signal intensities were quantified and the mRNA levels for ZmpOMT1 (triangles), ZmpDCT1 (circles), ZmpDCT2 and 3 (squares), C4Ppc1 (crosses) and C4Me1 (asterisks) normalized to the ubiquitin content are shown as relative values with zero time values taken as one.
that MC chloroplasts may show higher affinity for oxaloacetate transport than BSC chloroplasts. Transport of oxaloacetate into MC chloroplasts is an indispensable step in the NADP-ME-type C 4 photosynthetic pathway and, therefore, rapid uptake of oxaloacetate is essential to maintain high photosynthetic activity. We isolated MC and BSC chloroplasts from maize leaves and examined the activities of oxaloacetate uptake into the chloroplasts. Because the oxaloacetate transport was rapid, the transport activities were measured at 4°C with a double silicone-oil-layer filtering centrifugation technique (Gross et al. 1990 ). The transport time in our measurement system was estimated to be 2.0 s (data not shown). A double reciprocal plot indicated that the apparent K m value for oxaloacetate uptake into MC chloroplasts was 0.034±0.007 mM (n = 5) (Fig. 9A) . This value is similar to K m values that were previously determined with oxaloacetate-dependent O 2 evolution or [
14 C]oxaloacetate reduction in illuminated chloroplasts (Hatch et al. 1984) . The apparent K m value of BSC chloroplasts was calculated to be 0.47±0.07 mM (n = 4) and was one order of magnitude higher than that of MC chloroplasts (Fig. 9B ).
Discussion
Molecular evolution of OMT and DCT genes
Rapid transport of C 4 dicarboxylates, malate and oxaloacetate, through chloroplastic envelope membranes is essential in the NADP-ME-type C 4 photosynthetic pathway and, therefore, highly efficient transporters for dicarboxylates should exist in the inner envelopes of MC and BSC chloroplasts. In this study, we isolated cDNAs, ZmpOMT1 and ZmpDCT1 to 3, by screening a maize leaf cDNA library with probes of maize cDNA and sorghum EST, and investigated whether the encoded proteins were the transporters functioning in the C 4 photosynthetic pathway. The deduced amino acid sequences of ZmpOMT1 and ZmpDCT1 to 3 were homologous to the previously identified plastidic OMT and DCT, respectively (Fig. 2) . Each of the plastidic OMT and DCT genes can be grouped into two subgroups of monocot and dicot members. Moreover, maize DCT gene has diverged to ZmpDCT1 and ZmpDCT2 and 3 after the monocot/dicot split. Therefore, each of the ZmpDCT genes has acquired a distinct cell-specific expression mechanism during the evolution to C 4 plants.
The three cDNAs encoding ZmpDCT1 to 3 were isolated with a sorghum partial cDNA, HHU51, as a probe. The expression of the sorghum gene for HHU51 is BSC specific (Wyrich et al. 1998) . Its full-length cDNA (Acc. No. AY123844) has been isolated and expression of the gene was confirmed to be restricted to BSC (Renné et al. 2003) . The deduced amino acid sequences in putative mature region encoded by the AY123844 clone is more homologous to ZmpDCT1 than ZmpDCT2 and 3 (identity at the amino acid level: 86% vs. 79%, Fig. 2 ). This finding seems paradoxical because expression of ZmpDCT1 is restricted in MC in contrast to the BSC-specific expression of ZmpDCT2 and 3. However, we found other sorghum EST clones that were more homologous to ZmpDCT1 or ZmpDCT2 and 3. A partial amino acid sequence encoded by the sorghum EST clone, BG159483, is much more similar to ZmpDCT1 than to ZmpDCT2 (94% and 77%, respectively). On the other hand, a partial amino acid sequence encoded by the sorghum EST clone, CD431362, is much more similar to ZmpDCT2 and 3 than to ZmpDCT1 (95% and 81%, respectively). These high identities indicate that the sorghum genes encoding BG159483 and CD431362 are orthologs of ZmpDCT1, and ZmpDCT2 and 3, respectively. The gene expression profiles of the new sorghum EST clones have not been examined, but their expression is expected to be MC or BSC specific like ZmpDCT1, and ZmpDCT2 and 3. Although several clones for ZmpDCT1 to 3 can be found in maize EST databases, a maize ortholog clone of the sorghum AY123844 has not been found in the databases. The maize ortholog gene needs to be identified to further elucidate molecular evolution of dicarboxylate transporter genes in Gramineae.
The nucleotide sequences of ZmpDCT2 and 3 cDNAs closely resemble each other and only 11 nucleotides are different between them. Because the maize cultivar, Golden Cross Bantam T51, used in this study is a hybrid between parental lines, P39 and P51B, there is a possibility that ZmpDCT2 and 3 genes are alleles. To investigate this possibility, we searched genome sequences encoding ZmpDCT2 or 3 in GenBank database. No data of full-length genes was available but we found that 11 genome survey sequences (GSSs) from a maize inbred B73 strain contained the same nucleotide sequences with the ZmpDCT2 cDNA (data not shown). Although the identified GSSs were short (558-932 bp), they overlapped the coding region of the ZmpDCT2 cDNA. Intron insertion positions of the ZmpDCT2 genes are conserved among the homologs from maize, rice and Arabidopsis (data not shown). On the other hand, no nucleotide sequence encoding ZmpDCT3 was found from the GSS database of B73 strain. If the ZmpDCT2 and 3 genes are overlapping genes that have recently duplicated, we would find some ZmpDCT3 GSSs from the inbred B73 strain in addition to the ZmpDCT2 GSSs. These findings suggest that the inbred line B73 probably possesses only the ZmpDCT2 and the ZmpDCT2 and 3 genes from the Golden Cross Bantam T51 strain should be alleles.
Arabidopsis also possesses two DCT genes, AtpDCT1 and AtpDCT2, that are located tandemly on chromosome 5 (Taniguchi et al. 2002) . The two genes are thought to have originated from a gene duplication event, but AtpDCT1 is more closely related to the DCT proteins from other higher plants including ZmpDCT1 to 3 than to the AtpDCT2 protein (Fig. 2) . Our previous experiments showed that the AtpDCT2 recombinant protein could not transport malate and AtpDCT2 could not compensate for the lack of AtpDCT1 in planta (Taniguchi et al. 2002) . Therefore, the AtpDCT2 gene diverged from the plastidic DCT gene family prior to the monocot/dicot split and the AtpDCT2 protein may have differentiated to possess another physiological role.
Cell-specific expression of ZmpOMT and ZmpDCT genes
The transcripts for AtpOMT1 and AtpDCT1 are accumulated in all tissues of Arabidopsis at similar levels (Taniguchi et 
al. 2002). This universal distribution of the transcripts in
Arabidopsis is consistent with our speculation that AtpOMT1 and AtpDCT1 participate mainly in the double transporter system that exists in plastidic envelope membranes and links between carbon metabolism and nitrogen metabolism in green and nongreen tissues. By contrast, the transcripts for four maize genes, ZmpOMT1 and ZmpDCT1 to 3, were largely accumulated in green tissues (Fig. 4) . Moreover, the expression of ZmpOMT1 and ZmpDCT1 to 3 genes was inducible by light in leaf tissues in concert with other photosynthetic enzyme genes (Fig. 7) , specific to MC or BSC (Fig. 6) , and upregulated in response to nitrogen availability similarly to some C 4 photosynthetic genes (Fig. 8) . All of these expression profiles suggested that ZmpOMT1 and ZmpDCT1 to 3 participate in the C 4 photosynthetic pathway and accommodate the physiological specialization of each type of cell. The gene encoding mitochondrial OMT in Panicum miliaceum, a NAD-ME-type C 4 plant, was also highly expressed in leaves, and was upregulated during greening and cell development in concert with C 4 photosynthetic enzymes (Taniguchi and Sugiyama 1997) . This expression profile is unique to the P. miliaceum gene, because the ortholog genes of Arabidopsis and tobacco are expressed nearly constitutively in all tissues (Picault et al. 2002) . Furthermore, the expression of the P. miliaceum mitochondrial OMT gene was restricted in BSC where the mitochondrial OMT is thought to be necessary to accommodate the high rates of (Monson 1999 , Miyao 2003 . The metabolite transport across organelle membranes would have been altered drastically in accordance with the modification of the metabolic pathways and the expression profiles of genes for some membrane transporters including plastidic OMT and DCT, and mitochondrial OMT would have been changed accordingly.
Functional characterization of ZmpOMT and ZmpDCT proteins
The transport properties of ZmpOMT1 and, ZmpDCT1 and 2 closely resembled those of AtpOMT1 and AtpDCT1, respectively. The yeast-expressed ZmpOMT1 recombinant proteins transported malate and 2-oxoglutarate but not glutamate (Table 1 ). Their K m or K i values for malate and 2-oxoglutarate were comparable (Table 2) . On the other hand, the recombinant ZmpDCT1 and ZmpDCT2 proteins transported glutamate more efficiently than ZmpOMT1 (Table 1) and their affinities to 2-oxoglutarate were lower than those to malate (Table 2 ). These findings suggest that ZmpOMT1 is a 2-oxoglutarate/ malate transporter, and that ZmpDCT1 and ZmpDCT2 are general dicarboxylate transporters. ZmpDCT1 and ZmpDCT 2 were expected to be differentiated in the transport properties to accommodate the physiological specialization of two types of photosynthetic cells, but their kinetic properties were not significantly different. Although glutamine seems to be barely accepted as a countersubstrate for malate transport on the ZmpOMT1, ZmpDCT1 or ZmpDCT2 recombinant proteins (Table 1) , competition experiments in [ 14 C]malate uptake or direct measurements of [ 14 C]glutamine transport showed that the three maize recombinant proteins cannot transport glutamine at the same binding sites for dicarboxylates similarly to AtpOMT1 and AtpDCT1 (Taniguchi et al. 2002 ) (data not shown).
The recombinant ZmpOMT1 protein showed high-affinity transport of oxaloacetate at the same binding site for dicarboxylates (Table 2 ). This property was also confirmed in AtpOMT1 and may be a characteristic common to plastidic OMT proteins. The K m value for oxaloacetate of ZmpOMT1 (90 µM) is one order magnitude lower than that of ZmpDCT1 (1.1 mM) and close to the K m value determined with maize MC chloroplasts (45 µM) (Hatch et al. 1984) . Judging from the gene expression profiles and kinetic data of ZmpOMT1, it is expected that ZmpOMT1 is integrated in the C 4 photosynthetic pathway and functions in the uptake of oxaloacetate into MC chloroplasts in exchange for stromal malate. However, the recombinant ZmpOMT1 proteins showed relatively high affinity for malate compared with the data obtained with the isolated MC chloroplasts; the apparent K i values for malate against oxaloacetate uptake were 0.40 mM and 7.5 mM (Hatch et al. 1984) , respectively. If the ratio for the K i for malate to the K m for oxaloacetate is low, transport of oxaloacetate into chloroplasts on OMT is highly susceptible to inhibition by cytosolic malate. The malate concentration in maize MC cytosol is thought to be orders of magnitude higher than that of oxaloacetate (Leegood 2000) and, therefore, it was speculated that there is an additional high affinity OAT in maize MC chloroplasts that is little affected by malate (Hatch et al. 1984) . The kinetic data of the recombinant ZmpOMT1 proteins are not suited for the metabolite levels in MC and there is currently no direct evidence that ZmpOMT1 participates in exchange of oxaloacetate and malate. However, the high affinity OAT other than OMT has not been identified at a molecular level yet. The C 4 cycle works at a high rate in the daytime and high concentration of oxaloacetate should be produced by cytosolic PEPC. Therefore, the concentration of oxaloacetate in the MC cytoplasm should be maintained at a high level and preferential uptake of oxaloacetate may occur on ZmpOMT1. Another possible cause of the discrepancy between the recombinant ZmpOMT1 proteins and the MC chloroplasts is different measuring systems; single recombinant proteins reconstituted in proteoliposomes and complex membrane proteins existing in chloroplastic envelope membranes. It may also be necessary to check the reconstitution system of the recombinant proteins into liposomes, e.g. the phospholipid content and ratio of proteins to lipid.
Putative physiological functions of ZmpOMT and ZmpDCT proteins
Northern analysis showed that the transcript for ZmpOMT1 was hardly detectable in BSC (Fig. 6 ). Since there is one copy of plastidic OMT gene in the maize genome (Fig.  3) , BSC chloroplasts should lack OMT. Measurement of oxaloacetate uptake into chloroplasts supported this hypothesis: the affinity for oxaloacetate in BSC chloroplasts was lower than that in MC chloroplasts, and the apparent K m value for oxaloacetate observed in BSC chloroplasts was closer to that of the DCT recombinant protein than to that of OMT (Table 2 and Fig. 9 ). If BSC chloroplasts do not possess plastidic OMT proteins, the uptake of malate into BSC chloroplasts may be facilitated mainly by ZmpDCT2 and 3 that are localized in BSC. Because the photorespiration pathway exists only in BSC (Ku and Edwards 1975, Ohnishi and Kanai 1983) , BSC chloroplasts are also the site of photorespiratory ammonium assimilation (Sakakibara et al. 1992) . Although the plastidic OMT/DCT double transporter system is thought to function in the transport of cytosolic 2-oxoglutarate in exchange for stromal glutamate to assimilate photorespiratory ammonium via the stromal GS-GOGAT cycle, ZmpDCT2 and/or ZmpDCT3 may solely undertake this exchange of 2-oxoglutarate and glutamate in BSC chloroplasts. Indeed, plastidic OMT is not always necessary to operate the photorespiratory ammonium assimilation reaction, because the Arabidopsis AtpOMT1 knockout plants could grow normally under photorespiratory conditions (Taniguchi et al. 2002) . By contrast, Renné et al. detected a weak signal for OMT transcripts in sorghum BSC, while its signal intensity was much higher in MC (Renné et al. 2003) .
They speculated that the OMT/DCT double transporter system in BSC chloroplasts participates in the assimilation of ammonium generated by photorespiration and nitrate reduction. We cannot explain the reason of the conflicting data between maize and sorghum at the moment, but it is necessary to ascertain whether sorghum also has a single plastidic OMT gene and whether the OMT protein exists in BSC chloroplasts.
High activities of malate transport in exchange for oxaloacetate, glutamate, aspartate and 2-oxoglutarate were detected in MC chloroplasts from maize (Day and Hatch 1981) . Judging from the substrate specificity, this transport activity may be attributed to ZmpDCT1. Nitrate assimilation enzymes are located predominantly in MC (Harel et al. 1977, Moore and Black 1979) and, therefore, MC is thought to be the main site for primary nitrate assimilation (Sakakibara et al. 1992) . In this case, transport of glutamate across inner envelope membranes of MC chloroplasts is necessary and ZmpDCT1 whose expression level is abundant in MC but not in BSC may facilitate a part of this transport process.
It is expected that AtpOMT1 functions as an oxaloacetate transporter in the malate-oxaloacetate shuttle across chloroplast membranes (Taniguchi et al. 2002) . This malate valve system is necessary in maize MC to remove excess amounts of stromal reducing equivalents to cytosol, because MC chloroplasts unlike BSC chloroplasts possess photosystem II activity and generate the reducing equivalents. When maize plants are exposed to some stresses such as high light, cold temperature and salinity, and the reducing power is accumulated in MC stroma, ZmpOMT1 may export stromal malate in exchange for cytosolic oxaloacetate. By contrast, maize BSC chloroplasts lack photosystem II activity and, therefore, the malate valve may be dispensable in BSC chloroplasts.
The semiquantitative RT-PCR experiment indicated that ZmpOMT1 and ZmpDCT1 to 3 are expressed in root tissues at a much lower level than in leaf tissues (Fig. 5) . Northern analysis (Fig. 4) and the EST data indicated that ZmpOMT and ZmpDCT genes are also expressed in reproductive organs and endosperms. Ammonium assimilation also occurs in plastids of non-photosynthetic organs, and ZmpOMT1 and ZmpDCT1 to 3 expressed in these non-photosynthetic tissues should participate in the nitrogen metabolism. The high level expression of ZmpOMT1 and ZmpDCT1 to 3 in green tissues is consistent with the fact that these transporters are much in demand in C 4 photosynthesis and nitrogen assimilation in the photosynthetic cells. Although rice, a C 3 monocot plant, also has OMT and DCT genes that are highly homologous to maize ZmpOMT1, and ZmpDCT2 and 3, respectively (Fig. 2) , their transcript levels were relatively constant between rice leaf and root tissues similar with Arabidopsis (data not shown). It is speculated that maize has conferred the mass-expression system in a cellspecific manner on existing plastidic OMT and DCT without drastic modification of transport properties. Further refined study with gene-modified maize plants such as gene knockout is needed to identify the precise physiological functions of ZmpOMT and ZmpDCTs.
Materials and Methods
Plant materials and growth conditions
Maize (Zea mays L. cv. Golden Cross Bantam T51) and sorghum (Sorghum bicolor (L.) Moench cv. Tx430) were grown in a growth chamber with 14 h of illumination (500 µE m -2 s -1 ) at 28°C and 10 h of darkness at 20°C per day. Plants were fertilized regularly with Arnon and Hoagland solution (Arnon and Hoagland 1940) during growth. In the greening experiment, the seeds were grown in the dark at 23°C for 12 d and the etiolated seedlings were exposed to continuous fluorescent light at an intensity of about 120 µE m -2 s -1 at 26°C. For the analysis of induction by nitrate, seedlings were grown in vermiculite with the Arnon and Hoagland solution containing 0.8 mM NaNO 3 for 18 d. For supplementation of nitrogen, the concentration of NaNO 3 in the culture solution was changed to 16 mM. A third region from the base of the third leaves was harvested and plunged into liquid N 2 . For the analysis of cell specificity of gene expression, mesophyll protoplasts and bundle sheath strands were isolated by digestion of green maize leaves by a method reported previously (Ohnishi and Kanai 1983) .
Construction of cDNA library and isolation of cDNAs
Total RNA was prepared from the 19-h-greened maize leaves by a guanidine thiocyanate procedure (McGookin 1984) . Poly(A) RNA was purified with Oligotex-dT30 (Takara Bio Inc., Shiga). A maize cDNA library was constructed from the poly(A) RNA using a ZAPcDNA Synthesis Kit (Stratagene, La Jolla, CA, U.S.A.). The cDNA library was screened by colony hybridization using DNA fragments of maize EST (AI665141) and sorghum HHU51 cDNA (H55022). The partial maize cDNA was amplified from total RNA of the greening maize leaves by RT-PCR with synthetic oligonucleotides, AI-S and -A, shown in Table 3 . The sorghum partial cDNA was also amplified from total RNA of the greening sorghum leaves by RT-PCR with synthetic oligonucleotides, HHU-S and -A. The probes were labeled with [α-32 P]dCTP using the Multiprime DNA Labeling System (Amersham Biosciences, Piscataway, NJ, U.S.A.). Hybridization was performed for 18 h at 42°C in a solution containing 50 mM sodium phosphate, pH 6.5, 5× SSC, 5× Denhardt's solution, 0.1% (w/v) SDS, 50% (v/v) formamide and 250 µg ml -1 salmon sperm DNA. The membranes were washed twice with 2× SSC and 0.1% (w/v) SDS for 15 min at 42°C, and then once with 0.1× SSC and 0.1% (w/v) SDS for 15 min at 42°C. The membranes were exposed to X-ray films. The cDNA inserts in positive phage clones were subcloned to pBluescript II vector and sequenced by the dideoxynucleotide chain-termination method with a sequencing kit (BigDye; Applied Biosystems, Foster City, CA, U.S.A.) using a DNA sequencer (Model 373A; Applied Biosystems).
Southern blot analysis
Genomic DNA was isolated from etiolated seedlings by using a DNA extraction kit (Nucleon PhytoPure, Amersham Biosciences). Five µg of DNA was digested with appropriate restriction enzymes, fractionated on a 0.8% (w/v) agarose gel by electrophoresis and blotted to a nylon membrane (Hybond-N + , Amersham Biosciences). After fixation, the membranes were hybridized with 32 P-labeled probes. DNA fragments for the 3′-untranslated and coding regions of ZmpOMT1 and ZmpDCT1 were amplified from the cDNA clones by PCR with combinations of oligonucleotide primers shown in Table 3 (OMT1-S1 and -A1 for ZmpOMT1 3′-untranslated region, OMT1-S2 and -A1 for ZmpOMT1 coding and 3′-untranslated regions, DCT1-S1 and -A1 for ZmpDCT1 3′-untranslated region, DCT1-S2 and -A2 for ZmpDCT1 coding region). The positions of each the primer on the cDNAs are indicated in Fig. 1 . The hybridization and washing conditions were similar to those for cDNA screening described above.
Northern blot analysis
Total RNA was isolated from appropriate organs and tissues of maize in the presence of aurinetricarboxylic acid as an inhibitor of nucleases (Hallick et al. 1977) followed by lithium chloride precipitation and phenol extraction. The RNA samples were electrophoresed in a 1.2% (w/v) agarose gel containing formaldehyde (Sambrook and Russell 2001) , and blotted on the Hybond-N + membranes. After fixation, the membranes were hybridized with 32 P-labeled probes. The 3′-untranslated regions of ZmpOMT1, ZmpDCT1 and ZmpDCT2 cDNAs were used as specific probes for respective genes. DNA fragment for the 3′-untranslated region of ZmpDCT2 cDNA was amplified from the ZmpDCT2 cDNA clone by PCR with oligonucleotide primers (DCT2-S1 and -A1). Because the nucleotide sequences in the 3′-untranslated regions of ZmpDCT2 and ZmpDCT3 cDNAs are similar, the ZmpDCT2 probe would hybridize both of the ZmpDCT2 and ZmpDCT3 transcripts. Other cDNAs used as probes were a 1.3-kb EcoRI fragment of maize pM52 cDNA clone for C4Ppc1 (Izui et al. 1986 ), a full-size insert of maize SS1 cDNA clone for rbcS-m1 (Sheen and Bogorad 1986) , a full-size insert of maize C4Me1 for NADP-ME (Rothermel and Nelson 1989) , a coding region of maize MubG1 cDNA for ubiquitin (Liu et al. 1995) , and 3.7-kb EcoRI fragment of Vicia faba VER17 for 25S rRNA (Yakura and Tanifuji 1983) . The MubG1 cDNA was amplified from total maize RNA by RT-PCR with oligonucleotide primers, MUB-S and -A, shown in Table 3 . The hybridization and washing conditions were described previously (Taniguchi et al. 2002) . The washed membranes were exposed and analyzed on a bioimaging analyzer (BAS 2500, Fujix, Tokyo).
RT-PCR analysis
Maize plants were grown hydroponically in Arnon and Hoagland solution for 14 d and total RNA was isolated from their roots and leaf blades by a guanidine thiocyanate procedure (McGookin 1984) . First-strand cDNA was synthesized with an oligo(dT) primer using an AMV Reverse Transcriptase First-strand cDNA Synthesis Kit (Life Sciences, Inc., St. Petersburg, FL, U.S.A.). DNA fragments of ZmpOMT1, ZmpDCT1, and ZmpDCT2 and 3 were amplified from the cDNA templates by PCR with synthetic oligonucleotides (OMT1-S3 and -A2 for ZmpOMT1, DCT1-S3 and -A3 for ZmpDCT1, DCT2-S2 and -A2 for ZmpDCT2 and 3). As an internal control, ubiquitin was also amplified with a specific primer set for MubG1 (MUB-S and MUB-A).
Heterologous expression of OMT and DCT in yeast cells and measurement of transport activities
The DNA coding for the putative mature proteins of the ZmpOMT1, ZmpDCT1 and ZmpDCT2 were PCR-amplified from the cDNA clones by Pfu DNA polymerase (Stratagene) with oligonucleotide primers (OMT1-S4 and -A3 for ZmpOMT1, DCT1-S4 and -A4 for ZmpDCT1, DCT2-S3 and -A3 for ZmpDCT2). A restriction site for EcoRI was introduced at the 5′ ends of the amplified DNA fragments. At the 3′ end, a sequence encoding a C-terminal (His) 6 tag, stop codon and ClaI site was attached (Table 3 ). The resulting PCR products were digested with EcoRI and ClaI, and then the DNA fragments were replaced with the open reading frame of GAL2 in a GAL2-pTV3e (Nishizawa et al. 1995) . The DNA inserts were checked by sequencing. The pTV3e vector and the resulting constructs (ZmpOMT1-pTV3e, ZmpDCT1-pTV3e and ZmpDCT2-pTV3e) were transformed into Saccharomyces cereviciae LBY416 strain. Transformed cells harboring the pTV3e constructs were selected on agar minimal selection plates [2% (w/v) glucose, 0.67% (w/v) yeast nitrogen base without amino acid (Difco Laboratories, Detroit, MI, U.S.A.), yeast synthetic drop-out medium supplements without Trp (Sigma, St. Louis, MO, U.S.A.), and 2% (w/v) agar]. The selected yeast transformants were grown on a large scale and the crude yeast membrane fractions were prepared as described previously (Taniguchi et al. 2002) . The recombinant proteins of ZmpOMT1, ZmpDCT1 and ZmpDCT2 were reconstituted into liposomes and the uptake of external 14 C-labeled substrates was measured (Taniguchi et al. 2002) . The net transport activities were calculated by subtracting the activities of the liposomes reconstituted with pTV3e vector transformant from those of the liposomes reconstituted with ZmpOMT1-pTV3e, ZmpDCT1-pTV3e or ZmpDCT2-pTV3e transformant.
Measuring the transport activities of chloroplasts
MC chloroplasts were prepared from MC protoplasts. The prepared MC protoplasts were suspended in a chloroplast isolation medium (0.35 M sorbitol, 25 mM HEPES-KOH, pH 7.8, 5 mM EDTA and 1 mg ml -1 bovine serum albumin) and broken by two passages through a 20-µm nylon mesh attached to a plastic syringe. The solution was layered onto the chloroplast isolation medium containing 15% (v/v) Percoll (Amersham Biosciences) and centrifuged at 1,600×g for 1 min. The pellets were resuspended in the chloroplast isolation medium. BSC chloroplasts were isolated by the method of Jenkins and Boag (Jenkins and Boag 1985) . The BSC chloroplasts were purified by centrifugation through 20% (v/v) Percoll at 700×g for 3 min. The uptake of [4- 14 C]oxaloacetate into the purified chloroplasts was measured at 4°C in the light (300 µE m -2 s -1 ) with a double silicone-oillayer filtering centrifugation system (Gross et al. 1990 ). The used silicon oils were mixtures of SH550 and SH556 (Dow Corning Toray Silicone, Tokyo) (3 : 1 for BSC and 2 : 1 for MC chloroplasts). The final specific activity of [4-14 C]oxaloacetate was 0.35 MBq nmol -1 . The actual transport time for the double silicone-oil-layer centrifugation system was estimated to be 2.0 s by comparing oxaloacetate uptake measured in the double layer system and those obtained using a single layer system with different time points. Stromal spaces were determined by incubation with 3.7 kBq [U-
14 C]sorbitol (ICN Biomedicals, Costa Mesa, CA, U.S.A.) and 26.9 kBq 3 H 2 O (Moravek Biochemicals, California, U.S.A.) (Heldt 1980) . Average stromal volumes for BSC and MC chloroplasts were 39.1 and 24.4 µl (mg Chl) -1 , respectively. The chlorophyll concentration was determined in 96% ethanol (Wintermans and De Mots 1965) .
